CCII. THE POLYSACCHARIDE CONTENT AND REDUCING POWER OF PROTEINS AND OF THEIR DIGEST PRODUCTS
BY LESLIE FRANK HEWITT From the Belmont Laboratories (London County Council), Sutton, Surrey (Received 28 June 1938) THE carbohydrate contents of proteins are of value in differentiating individual serum proteins and in following the course of fractionation processes [Hewitt, 1934 [Hewitt, -1938 . Apart from these practical considerations, however, the presence of carbohydrate groups or polysaccharides in proteins is of theoretical interest also, from the point of view of the structure of the protein molecule.
In order to separate the polysaccharide completely from protein material very drastic chemical treatment is necessary [Levene & Mori, 1929; Rimington, 1931; Bierry, 1934; Onoe, 1936] . Whilst this may be taken as evidence that the polysaccharide forms an integral part of the protein molecule, it also raises doubts whether the constitution of the polysaccharide present in the protein molecule is necessarily the same as that of the isolated material, particularly when the yield of purified polysaccharide is very low. Any data obtainable without previous isolation of the polysaccharide are therefore of interest, so it was decided to attempt to correlate the reducing powers of various proteins with their polysaccharide contents. Below are presented data on the carbohydrate contents, glucosamine contents and reducing powers of various proteins, and of the effect of various hydrolytic and enzymic digestion processes.
EXPERIMENTAL
Carbohydrate determinations. A modification of the orcinol method [Tillmans & Philippi, 1929; S0rensen & Haugaard, 1933] Protein preparations. The blood serum proteins used were prepared as described previously. The casein, edestin, gelatin and amino-acids investigated were commercial specimens. The ovalbumin specimens used were repeatedly crystallized and the ovomucoid was obtained from the mother liquors after the successive removal of globulins, albumin and conalbumin. The ovalbumin was quite colourless but the ovomucoid was lemon yellow in colour and when pure contained no heat-coagulable protein.
Results. In Table I It has been shown in previous communications that purified crystalbumin contains no carbohydrate and in the present experiments it was found, as anticipated, that no glucosamine could be detected in crystalbumin hydrolysates. In the case of the other serum proteins in which the polysaccharide present is generally considered to be galactose-mannose-glucosamine the ratio of galactose-mannose content to glucosamine content should be 2: 1. With seroglycoid, globoglycoid and pseudoglobulin the deviation from this ratio does not exceed the probable experimental error; in the case of euglobulin-II the ratio appears to be high but the reason for this is not at present apparent.
In the case of ovalbumin the mannose : glucosamine ratio is in agreement with the presence of dimannose-glucosamine but with ovomucoid there are equimolecular amounts of mannose and glucosamine suggesting that the polysaccharide present is built up of mnannose-glucosamine units. This will be commented upon later.
In Table H are summarized the reducing powers of various protein substances, using the Hagedorn-Jensen method; the figures quoted are in terms of glucose. The polysaccharide contents are calculated in terms of galactosemannose-glucosamine for the serum proteins, dimannose-glucosamine for ovalbumin and mannose-glucosamine for ovomucoid. It will be seen at once from Table II that the reducing power of the proteins is not dependent upon the polysaccharide content. Of the serum proteins crystalbumin has the highest reducing power although it contains no carbohydrate.
Carbohydrate, when present, probably contributes to the reducing power but it is necessary to seek some other constituent of the protein molecule, to account for a considerable portion, or in some cases all, of the reducing power. Glycine and glutamic acid were found to have no reducing power, cystine had about one-seventh of the reducing power of glucose, tyrosine had approximately the same reducing activity as dextrose and tryptophan four-fifths of the reducing power.
It is significant that gelatin has an extremely low reducing activity since it is the only protein investigated containing negligibly small amounts of cystine, tryptophan and tyrosine in addition to having a low carbohydrate content.
The Hagedorn-Jensen method for the determination of reducing power includes the liberation of free iodine at one stage and it was thought possible In the case of tryptophan, and to a less extent with tyrosine " cold " reducing power, probably associated with iodination, is very marked, but in the case of the serum proteins from 92 to 97 % of the Hagedorn-Jensen reducing power is observed only when the protein is heated with ferricyanide.
Effects of acid hydrolysis Heating with 2N HC1 for 4 hr. was sufficient to liberate the glucosamine present in the protein, but this heating had no appreciable effect on the galactosemannose content of the protein as determined by the usual orcinol method. In most cases the effect of the heating with acid on the reducing power was also negligible. The exceptions were ovomucoid, in which the reducing power increased from 23 to 27 % (calculated as dextrose), and crystalbumin, in which the reducing power fell from 17 to 8 % during the heating with acid.
Enzymic hydrolysis Solutions of pseudoglobulin, seroglycoid, globoglycoid and ovalbumin containing 0-125N HCI and 0 4 % pepsin were incubated at 520 for 18 hr. Acetone (from 4 to 9 vol.) was added to the cooled digestion mixture and the precipitate was centrifuged off, washed with acetone and ether and dried in vacuo. The polysaccharide contents of the dried products were 19, 19, 24 and 18 % respectively-values from three to six times higher than those of the original proteins. Products containing even higher carbohydrate contents may readily be obtained by modification of the conditions, as the following example illustrates. A globoglycoid solution of pH 1-03 containing 0-4 % pepsin was incubated at 520 for 18 hr. The digest product precipitated by 80 % acetone contained 35 % of polysaccharide (calculated as galactose-mannose-glucosamine).
The effect of experimental conditions on the digestion of pseudoglobulin containing diphtheria antitoxin is seen in Table IV. In each case 5 ml. of 3-5 % pseudoglobulin were treated with varying amounts of HCI and pepsin and the mixture was incubated for 2 hr. at 520. After neutralizing the digestion mixture the flocculation titre was determined under standardized conditions. [Levene & Mori, 1929] . The figures given by Levene & Mori for the polysaccharide content of these proteins were obtained by actual isolation, a process which would be expected to give a low yield. The results reported, 0O26 % for ovalbumin and 5-1 % for ovomucoid are, in fact, much lower than the figures, 2-7 and 21 % respectively, obtained in the present investigation. Figures of the same order as the present values have been reported by Sorensen [1934] and Onoe [1936] . Repeated crystallization has failed to reduce the carbohydrate content of ovalbumin.
In ovalbumin the ratio of mannose to glucosamine approximates to 2: 1 and in ovomucoid it is close to 1 : 1. It would seem, therefore, that the polysaccharides present in the two proteins are different, in one case being composed of dimannose-glucosamine and in the other of mannose-glucosamine units. In the present work no attempt has been made to distinguish between glucosamine and its acetyl derivative. The latter is said to be present in ovomucoid by Onoe [1936] . There is thus considerable weight of evidence that ovalbumin contains polysaccharide in the molecule, unlike serum crystalbumin: the carbohydrate content of serum albumin has been traced to the presence of seroglycoid, globoglycoid, etc. [Hewitt, 1934; .
It was thought possible that determination of the reducing power of proteins might be of value in gauging the amount and nature of the polysaccharides present in the protein molecule and in following theliberation of polysaccharides during the hydrolysis of proteins. The Hagedorn-Jensen method has been used for this purpose. It has been found, however, that the reducing power of proteins bearslittle relation to the carbohydrate content. Crystalbumin, for example, whick contains no polysaccharide has the highest reducing power of all the serum proteins investigated. With each protein the reducing power was greater than could be accounted for by the carbohydrate content even assuming that the whole of the carbohydrate was free to exert its whole reducing effect. Various amino-acids were examined and it was found that although glycine and glutamic acid did not reduce the reagents used, other amino-acids had very pronounced reducing effects. Cystine had 15 % of the reducing power of dextrose and tryptophan 80 %, whilst tyrosine had about the same reducing activity as an equal weight of dextrose. That the reducing power of proteins is due in part to amino-acids such as cystine, tyrosine and tryptophan, receives support from the behaviour of gelatin. Gelatin was the only protein material investigated which is deficient in these particular amino-acids as well as in carbohydrate and it was the only protein with a negligibly small reducing activity. Four hours' heating with 2N HC1 is sufficient to liberate glucosamine from serum and egg white proteins, but the reducing power is not increased by this treatment except in the case of ovomucoid where there was an increase from 23 % (calculated as glucose) before heating to 27 % after hydrolysis. Meyer et al. [1936] have attempted to show by measurements of reducing power that the bacteriolytic activity of lysozyme is due to splitting off polysaccharides from glycoproteins, but it would seem from the present experiments that the technical difficulties in following the liberation of carbohydrates from proteins by reducing power determinations are very great. In the case of crystalbumin the effect of acid hydrolysis was an unexplained fall in the reducing power to about half its original value.
By digesting serum and egg proteins with pepsin and precipitation with acetone, peptones may readily be prepared with high carbohydrate contents, the highest carbohydrate content so far observed being 35 %. Such carbohydraterich peptones will receive further study. In a recent short note Ogston [1938] , using a commercial enzyme preparation, split off rather less than half the carbohydrate from a specimen of pseudoglobulin, leaving one-third of the protein with an unchanged ultracentrifugal sedimentation constant. Full experimental details are lacking but it is possible that one of the constituents of the pseudoglobulin fraction [Tiselius, 1937; Hewitt, 1934; may be preferentially hydrolysed. SUMMARY 1. The glucosamine contents of pseudoglobulin, globoglycoid and seroglycoid are in rough agreement with the generally accepted view that the polysaccharide present in the proteins is composed of units having the composition galactose-mannose-glucosamine. Crystalbumin contains no glucosamine.
2. The glucosamine contents of the egg white proteins are in agreement with the view that ovomucoid contains mannose-glucosamine and that ovalbumin contains dimannose-glucosamine.
3. Evidence is presented disproving the view that the polysaccharide present in ovalbumin is due to the presence of ovomucoid.
4. The reducing power of proteins has been traced to the presence of various amino-acids such as tyrosine, tryptophan and cystine as well as to carbohydrates.
5. The reducing power of many proteins is not increased after acid hydrolysis and the course of hydrolysis cannot therefore be followed by reducing power determinations.
6. Carbohydrate-rich peptones may readily be prepared. from proteins by peptic digestion followed by acetone precipitation.
7. A few observations have been made on the effect of peptic digestion on diphtheria antitoxin globulins. 
